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SPATIALLY RESOLVED ELECTROMAGNETIC PROPERTY 

MEASUREMENT 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Patent Application 
Serial No. 60/262,347 entitled "Scanning Impedance Microscopy Of Interfaces," filed 
January 18, 2001, which is hereby incorporated by reference in its entirety. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 
DEVELOPMENT 

The invention was supported in part by funds firom the U.S. Government 
(MRSEC Grant No. NSF DMR 00-79909) and the U.S. Government may therefore 
have certain rights in the invention. 

FIELD OF THE INVENTION 

The invention relates generally to electromagnetic property measurement, and 
more particularly, to spatially resolved impedance microscopy of interfaces and to 
distingmshing surface potential induced forces from magnetically induced forces for 
current carrying materials. 



1 



LATENT UPN-4110/N2478 

BACKGROUND OF THE INVENTION 

Many classes of devices function based on the structure, topology, and other 
properties of grain boundaries or interfaces. Examples include varistors, PTCR 
thermistors, diodes, chemical sensors, and solar cells. The properties of interfaces 
have been extensively studied by macroscopic techniques, such as dc transport 
measurements and impedance spectroscopy, etc. These techniques address averaged 
properties of interfaces and little or no information is obtained about the properties of 
an individual interface. Recently, a number of approaches have been suggested to 
isolate individual grain boundaries using micropattemed contacts or bicrystal samples. 
A number of works accessing current-voltage (I-V) characteristic of single interfaces 
also have been reported; however, a major limitation of such techniques is a preset 
contact pattern, which does not yield spatially resolved information. Moreover, 
contact resistance and contact capacitance are included in the measurements, which 
may decrease accuracy and complicate data interpretation. Scanning probe 
microscopy (SPM) techniques have been successfully used to detect stray fields over 
Schottky double barriers and to image potential drops at laterally biased grain 
boundaries; however, the information provided by SPM has been limited to static or 
dc transport properties of grain boundaries. 

SPM techniques based on the detection of tip-surface capacitance and 
dc resistivity are well known, and some are capable of detecting the frequency 
dependence of tip-surface impedance. However, such techniques do not quantify the 
local impedance of an interface normal to the surface, i.e., local characterization of ac 
transport properties of an interface. 

Fijrther, some techniques provide force gradient images of interfaces, 
such as conventional magnetic-force microscopy (MFM). MFM is a dual pass 
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technique based on detecting the dynamic response of a mechanically driven 
CMitilever a magnetic field. During a first pass, the ferromagnetic tip of the cantilever 
acquires a surface topology profile of a sample in an intermittent contact mode. Then, 
during a second pass, the cantilever is driven mechanically and the surface 
topographic profile is retraced at a predefined tip-to-sample surface separation. The 
magnetic force between the tip and the sample surface varies along the length of 
the sample, thereby causing a change in cantilever resonant firequency that is 
proportional to the force gradient and is given by: 



A dz Equation 1 



where k is the cantilever spring constant, (Oo is the resonant firequency of the 
cantilever, and z is the tip to surface separation distance. Resonant frequency shift, 
Aco, data is collected and arranged as a MFM image of the sample. Image 
quantification in terms of surface and tip properties is complex due to the non-local 
character of the tip-swface interactions. In one point probe approximation, the 
magnetic state of the tip is described by its effective first and second order multipole 
moments. The force acting on the probe is given by: 



F=u (^-HnV)H 

° Equation 2 



where q and m are effective probe monopole and dipole moments, respectively, H is 
the stray field above the surface of the sample, and Uo is the magnetic permeability of 
a vacuum (1.256 x 10'^ H/m). The effective monopole and dipole moments of the tip 
can be obtained by calibrating against a standard system, for example, micro- 
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fabricated coils or lines carrying a known current. These can be used to quantify the 
MFM data. However, the total force gradient over the sample may be affected by 
electrostatic interactions. 

Therefore, a system and method that quantifies the local impedance of 
the interface normal to the sample surface and that overcomes errors introduced by 
electrostatic interactions would be desirable. 



SUMMARY OF THE INVENTION 

An aspect of the invention is directed to a scaiming probe technique 
based on detecting phase change and amplitude of a cantilevered tip proximate to a 
sample surface, where the oscillations of the cantilevered tip are induced by a bias 
laterally applied to the sample, and the local impedance of the interface normal to the 
surface of the sample is quantified. 

Frequency dependence of local phase angle and oscillation amplitude 
can be used to determine resistance and capacitance of the interface, given a known 
current limiting resistor. The frequency dependent interface impedance in the parallel 
R-C approximation is defined by capacitance, C, and resistance, R, as 
Z=^l/(l/R+ia)C). Variation of dc bias offset across the interface can be used to 
determine capacitance - voltage (C-V) and resistance - voltage (R-V) characteristics 
of the interface, where both capacitance across a grain boundary, Cgb, and resistance 
across a grain boundary, Rgb, can be voltage and frequency dependent. 

According to another aspect of the invention, magnetic properties of a 
sample are determined by applying an ac bias to the tip, wherein the ac signal is set to 
the resonant frequency of the cantilevered tip. A dc bias is applied to the tip and 
adjusted to cancel the surface potential of the sample. An ac bias is applied to the 
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sample and magnetic fields are determined. The determined magnetic fields do not 
substantially include interactions from electrostatic forces. 

These features, as well as other features, of the invention will be 
described in more detail hereinafter. 



BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is further described in the detailed description that 
follows, by reference to the noted drawings by way of non-limiting illustrative 
embodiments of the invention, in which like reference numerals represent similar 
parts throughout the several views of the drawings, and wherein: 

Figure 1 is a block diagram of a measurement system in accordance 
with the invention; 

Figure 2 is a graph showing measured phase and amplitude signals 
versus distance across a grain boundary region obtained from the system of Figure I; 

Figures 3a and 3b are graphs showing measured cantilever oscillation 
amplitude versus tip bias and driving voltage, respectively, obtained from the system 
of Figure 1; 

Figures 3c and 3d are graphs showing average measured phase versus 
tip bias and driving voltage, respectively, obtained from the system of Figure 1 ; 

Figures 3e and 3f are graphs showing grain boundary phase shift 
versus tip bias and driving voltage, respectively, obtained from the system of Figure 

1; 
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Figures 4a and 4b are graphs showing average phase shift and grain 
boundary phase shift, respectively, versus driving frequency, obtained from the 
system of Figure 1; 

Figure 5a is a circuit diagram of an equivalent circuit for surface 
scanning potential microscopy (SSPM) analysis, which can be used in embodiments 
of the invention to obtain resistance and capacitance values of an interface; 

Figure 5b is a graph showing grain boundary potential drop as a 
frmction of bias, obtained from the system of Figure 1; 

Figure 6 is a graph showing potential drop at the interface versus 
lateral bias (i.e., sample bias) for various values of R (current limiting resistor), 
obtained from the system of Figure 1 ; 

Figures 7a and 7b are graphs showing phase shift versus distance along 
the sample path for various values of R (current luniting resistor), obtained from the 
system of Figure 1; 

Figures 8a and 8b are graphs showing phase and amplitude, 
respectively versus frequency, obtained from the system of Figure 1; 

Figures 9a and 9b are graphs showing tan (phase shift) and amplitude 
ratio, respectively versus frequency, obtained from the system of Figure 1; 

Figure 10a is a graph showing tan (phase shift) versus lateral bias, 
obtained from the system of Figure 1; 

Figure 10b is a graph showing 1 /capacitance^ versus potential drop, 
obtained from the system of Figure 1; 

Figure 1 1 is an optical micrograph of an exemplary sample that was 
analyzed using the invention; 
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Figures 12a, 12c, and 12e are graphs illustrating calculated force 
profiles and Figures 12b, 12d, and 12f axe graphs illustrating measured force profiles 
using basic potential correction magnetic-force microscopy (PMFM) mode, obtained 

from the system of Figure 1; 

Figure 13a is a graph of force versus distance illustrating a force 

profile, obtained from the system of Figure 1; 

Figure 13b is a graph of tip bias versus measured force illustrating tip 
bias dependence, obtained from the system of Figure 1; 

Figure 13c is a graph of line bias versus measured force at a nulling tip 
bias, obtained from the system of Figure 1; 

Figure 13d is a graph of frequency versus measured force, obtained 

from the system of Figure 1; 

Figure 14a is a graph of lateral sample distance versus determined 
force at the nulling tip bias, obtained from the system of Figure 1; 

Figure 14b is a graph of lateral sample distance versus determined 
potential, obtained from the system of Figure 1; 

Figure 14c is a graph of lateral sample distance versus a difference of 
the force and potential profiles of Figures 14a, 14b, obtained from the system of 
Figure 1 ; and 

Figure 14d is a graph of lateral sample distance versus force of 
experimental data measured while adjusting the dc bias of the tip to match surface 
potential, obtained from the system of Figure 1. 



DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

Figure 1 illustrates a block diagram of a measurement system in 
accordance with an embodiment of the invention. As shown in Figure 1, the local 
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impedance of a sample 10 is determined across a grain boundary 11. A bias is 
laterally applied to the sample 10, across the grain boundary 11, and the deflection of 
a cantilevered tip 15 is measured. Tip 15 may be magnetic or non-magnetic. For 
determining grain boundary impedance, tip 15 is typically non-magnetic. The sample 
bias is applied with a function generator 20. The magnitude and phase of the 
deflection of cantilevered tip 15 are measured with a conventional atomic-force 
microscope (AFM) controller 25 (Nanoscope-III, Digital Instruments, Santa Barbara, 
California). Lock in amplifier 27 is coupled to function generator 20 and AFM 
controller 25. AFM controller 25 may include a processor for processing 
measurements taken from tip 15; alternatively a separate processor may be coupled to 
AFM controller 15. 

Tip 15 traverses the tip along a predetermined path on the surface of 
the sample while tip 15 is disposed proximate the surface of the sample. During the 
traversing, the sample surface topography along the path is determined. An ac 
voltage is applied to the sample, laterally across the interface. With the ac voltage 
applied to the sample, tip 15 retraces the path at a predetermined tip-to-sample 
distance. The response of tip 15 is measured and analyzed to produce information 
about the impedance of the interface. The measurements include phase and amplitude 
measurements of the cantilevered tip 1 5 and can yield an impedance product or can be 
combined with other known techniques to yield a resistance and a capacitance of the 
interface, thereby providing spatially resolved impedance information. 

The system of Figure 1 was used to take measurements of a E5 grain 
boundary in a Nb-doped SrTiOs bicrystal. Tip 15 first traces and path along the 
sample, across the interface and acquires surface topography in intermittent contact 
mode and then retraces the surface profile maintaining constant tip-surface separation. 
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i.e., a first pass and a second pass. In the first pass, the tip was static (i.e., neither 
mechanical nor voltage modulation is applied to the tip). In the second pass, lock-in 
amplifier 27 (Model SRS830, Stanford Research Systems, Sunnyvale, California) was 
used to determine the magnitude and phase of the deflection of the cantilevered tip. 
The magnitude and phase are related to the first harmonic of the force acting on dc 
biased tip 15. Lock-in amplifier 27 phase offset was set to zero with respect to the 
fianction generator 20 output (Model DS340, Stanford Research Systems, Sunnyvale, 
California). The output amplitude and phase shift, 0, were recorded by the AFM 
controller 25. 

Using this recorded data, amplitude and phase can be graphed versus 
distance along the sample path. Figure 2 shows an exemplary graph of deflection 
amplitude 35 and phase 30 versus distance along the sample path. As can be seen, the 
phase shift occurs approximately at a distance of 7 um fi-om the begimiing of 
measurements, as the phase values shift from positive values to negative values. 

Grain boundary position was detected by potential variation due to 
stray fields of the Double Schottky Barrier PSB) in a grounded crystal or the 
potential drop for a laterally biased crystal by scanning surface potential microscopy 
(SSPM). To perform meastirements under bias, SrTiOs bicrystals were soldered with 
indium to copper contact pads and an external ac or dc bias was supplied by function 
generator 20. 

Two-point dc transport properties of the crystal were independently 
probed by an HP4145B Semiconductor Parameter Analyzer (Hewlett Packard). AC 
transport properties were measured by an HP4276A LCZ meter (Hewlett Packard) in 
the firequency range 0.2-20 kHz. 
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Application of an ac bias having a frequency cd across the grain 

boundary results in a phase shift, g)gb, such that: 



tan{(p„h ) = 7 X f o 2 Equation 3 



where Cgb and R^b are grain boundary capacitance, grain boundary resistmice, 
respectively. R is the resistance of a current limiting resistor (circuit termination 
resistance) in the circuit biasing the sample. 

In the high frequency limit (defined herein as the region in which tan((pgb)~co"^ ): 
In the low frequency limit (defined herein as the region in which tan((pgb)~co): 

, s 0]C ajy R t 

Therefore, analysis m the high frequency limit yields Cgb and analysis in the low 
frequency limit yields Rgb and Cgb. Crossover between the two limits occurs at a 
frequency of cOr, which is given by: 



^2^_R + %_ Equation 6 
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at which tan(<pgb) has its maximum value of: 



tan(<p„ft ) = , f'^" V Equation 7 



It should be noted that for high R termination, the crossover occurs at co = 1/RgbCgb, 
i.e., intrinsic relaxation frequency of the interface, while for low R termination, the 
resonance frequency shifts to higher values. However, introduction of high R in the 
circuit decreases the amplitude of measured signal; therefore, the best results can be 
obtained when R is close to Rgb- Alternatively, the value of R can be varied within 
several orders of magnitude to obtain quantitative data. In this fashion, the presence 
of stray resistive (and capacitive) elements can also be detected. 

The bias to the sample simultaneously induces an oscillation in surface 
potential, V surf, accordmg to: 

Vsurf = + Vac^os{ojt + (Pc), Equation 8 

where (pc is the phase shift in the circuit and is dc surface bias. The bias results in a 
periodic force acting on the dc biased tip. The amplitude, A{(0), and phase, (p, of the 
cantilever response to the periodic force F{f) = F^^ cos(<2Jf) are: 



^(^) = ^^Q} ^ Equation 9a 

and 

tanM= , Equations 

G) - a: 
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where m is the effective mass, / is the damping coefficient and (Oq is the resonant 
frequency, of the cantilever. The first harmonic of the force is: 

^lJ') = ^K-Vsyac Equation 10 

where z is the tip-surface separation, and C(z) is the tip-surface capacitance. 

The local phase shift between the function generator 20 output and the 
cantilever oscillation is thus ^c+^ on the left of the grain boundary and ^c+^^gb+gj on 
the right of grain boundary. Hence, the change in the phase shift of cantilever 
oscillations across the grain boundary measured by SPM is equal to the true grain 
boundary frequency shift <Pgb. The spatially resolved phase shift signal thus 
constitutes the electrostatic phase angle image of the biased device. Equations 3 
through 10 suggest that phase shift is independent of imaging conditions (tip bias, tip 
surface separation, driving bias), and therefore, provides reliable data on the local 

surface properties. 

To establish the validity of this technique, phase and amplitude images 
were acquired under varying imaging conditions. To quantify the experimental data, 
the average amplitude and phase of the tip response were defmed as the averages of 
improcessed amplitude and phase images. To analyze the phase shift, the grain 
boundary phase profiles were averaged over 16 lines, extracted and fitted by a 

Boltzman fimction q) = <Po+ A(pgb (l + exp((x - xq )/ , where w is the width and 

jco is the center of phase profile. 

The driving firequency dependence of the average phase shift and 
amplitude are found to be in agreement with Equations 7a and 7b. The amplitude was 
fovmd to be linear in tip bias, as shown in Figure 3a, in an excellent agreement with 
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Equation 10. The amplitude is nullified when the tip bias is Vdc = 0.28 ± 0.02 V 
independent of tip-surface separation. Equation 10 implies that this condition is 
achieved when Vdc = Vs, thus yielding the value of surface potential. The phase of the 
response changes by 180° between Vdc = 0 and = 1 indicative of transition firom a 
repulsive to an attractive interaction, as shown in Figure 3c. The grain boundary 
phase shift is found to be independent of tip bias, as shown in Figure 3e. A small 
variation in the grain boundary phase shift occurs when tip potential, Vdc, is close to 
the surface potential, Vs, and the amplitude of cantilever response is small. This 
results in a large error in the phase signal and associated higher noise level of the 
phase image. Note that the slopes of lines in Figure 3 a are smaller for large tip- 
surface separations, indicative of a decrease in capacitive force. At the same time, the 
grain boimdary phase shift does not depend on distance. The amplitude is linear in 
driving bias, Vac, as shown in Figure 3b. Both the average and grain boundary phase 
shift are essentially driving amplitude independent, as shown in Figures 3d and 3e. 

To siramiarize, experimental observations indicate that the amplitude 
of the cantilever response is Unear in tip bias and driving voltage and is a complex 
function of tip-surface separation and driving frequency, in agreement with Eqviations 
9b and 10. At the same time, grain boundary phase shift is independent of tip surface 
separation, tip bias, and driving voltage provided that the response is sufficiently 
strong to be above the noise level. Hence, it can be attributed to the phase shift of ac 
bias through the grain boundary. Further, tip bias, frequency and driving amplitude 
dependence of cantilever response to sample ac bias were found to be in excellent 
agreement with the theoretical model. 

The frequency dependencies of average and grain boundary phase shift 
are shown in Figures 4a and 4b. The average phase shift changes fi-om 0 for g)« cOr 
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to 1 80° for (o» CO, is in agreement with Equation 9b, while the grain boundary phase 
shift decreases with driving frequency. As predicted by Equation 3, the product O) 
taD.{<Pgb) is frequency independent and is equal to RCgi,. Calculated values of co 
tani^gb) as a function of cd are shown in Figure 4b. The product is substantially 
constant and from the experimental data, RgbCgt « I.l-IQ-^ s. Analysis in the vicinity 
of the resonant frequency of the cantilever is complex due to the cross talk between ac 
driving and cantilever oscillations during topography acquisition and the resonant 
frequency shift of the cantilever due to electrostatic force gradients. For frequencies 
above cOr the amplitude of the response decreases rapidly with frequency, as indicated 
by Equation 9a, therefore, the phase error increases. Imaging is possible for 
frequencies as small as cOr/2. According to Equations 9a and 9b, response at this 
frequency is essentially equal to the response at zero frequency (dc limit for weak 
damping). This implies that the frequency range is limited by the acquisition time of 
lock-in amplifier 27 and scan rate rather than cantilever sensitivity. Consequently, 
there is no fiindamental limitation on imaging at the low frequencies; moreover, 
spectroscopic variants of this technique can in principle be performed in all frequency 
ranges below the cantilever resonant frequency o),. This yields the local phase angle 
shift at the grain boundary and determines the product of grain boundary resistivity 
and capacitance. 

To determine the individual values for grain boundary resistivity and 
capacitance, several techniques may be employed including SSPM, Electrostatic 
Force Microscopy (EFM), Scanning Tunneling Potentiometry (STP), and the like. 
SSPM was used to determine grain boundary resistivity for the bicyrstal described 
above; however, other techniques may be used to determine resistivity. An equivalent 
circuit for a dc biased grain boundary is shown in Figure 5a. The resistors, R, 
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correspond to the known current limiting resistors in the experimental setup, while Rq 
and Ry correspond to the ohmic (e.g., due to the imperfections and/or surface 
conductivity) and non-ohmic (varistor) components of grain boundary conductivity, 
respectively. The conductivity of the grain boundary region is: 

(7 = 0-0+ yV^ , Equation 1 1 

where cris the conductivity of the bicrystal, ao = IIRq, a is the varistor nonlinearity 
coefficient and y is the corresponding prefactor. The potential drop at the grain 
boundary, V^, is related to the total dc bias, V, applied to the circuit as: 

K = (l + IRcjQ )V^ + 2RjV^ Equation 12 

Sample bias dependence of grain boundary potential drop is compared 
to Equation 12. The ohmic contribution to the grain boundary conductivity is ctq = 
(3.8 ± 0.6)10'^ Ohm"^ The nonlinearity coefficient a « 3.5 is relatively low and 
within the expected range for SrTiOa based varistors. In comparison, two-probe I-V 
measurements between copper contact pads yield a= 2.7 ± 0.01 and ctq = (1.59 + 
0.01>10"^Ohm"^ 

Having calculated the ohmic contribution to grain boundary 
conductivity, the capacitive contribution can be calculated as 1.3 x 10' F/m . Using 
the value of interface resistance ftom the I-V measurements yields a more accurate 
estimate of grain boundary capacitance as 5.5 x 10"^ F/m^. The values are in 
agreement with results determined from two probe transport measurements taken at 
20 kHz (Cgb = 5.4 X 10'^ fW) and four pole transport measurements (Cgb ^ 5.9 x 10 
F/m^). 
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Experimental data was also acquired for a metal-semiconductor 
interface. SIM phase profiles across the metal-semiconductor interface as a fimction 
of bias for different circuit terminations are shown in Figures 7a and 7b. Figures 7a 
and 7b were produced using the techniques described above and show a phase profile 
across the interface for different lateral biases for R = 500 Ohm for Figure 7a and 100 
kOhm for Figure 7b. 

For a small current limiting resistor, the phase shift across the interface 
is anomalously large, -172° at 3 kHz and 106° at 100 kHz. Phase shifts <pd > 90° 
imply that application of negative bias to the device results in the increase of surface 
potential. This behavior is similar to dc potential behavior observed in SSPM 
measurements and is attributed to photoelectric carrier generation in the junction 
region. Again, this effect is completely suppressed by current limiting resistors R = 
10 kOhm and larger and phase shift at the interface for 100 kOhm termination is 
shown in Figure 7b. Note that for a forward biased device, phase shift on the left is 
voltage independent, while there is some residual phase shift on the right of the 
Schottky barrier. This phase shift is attributable to the diffiision capacitance of a 
forward biased junction. 

Frequency dependence of tip oscillation phase and amplitude on the 
left and on the right of the junction is shown in Figures 8a and 8b. Figiires 8a and 8b 
show fi-equency dependence of tip oscillation phase (Figure 8a) and amplitude (Figure 
8b) on the left and on the right of the junction for i? = 10 kOhm (A ,▼) and 100 
kOhm (■,•)- It can be seen that the resulting tip dynamics is rather complex and is 
determined by the convolution of the harmonic response of tip oscillations to periodic 
bias and fi-equency dependence of voltage oscillation phase and amplitude induced by 
local bias. Nevertheless, the abrupt phase change of about 180° and tip oscillation 
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amplitude maximum at / = 72 kHz are indicative of mechanical tip resonance. 
Detailed analysis of frequency-dependence of the amplitude has demonstrated that 
resonant frequency on the left and right of the junction are shifted by -IkHz due to 
the difference in surface potential and electrostatic force gradient. As suggested by 
Equations 9a and 9b, phase and amplitude characteristics of a harmonic oscillator are 
very steep close to the resonant frequency of the oscillator. Therefore, minute 
changes of the resonance frequency results in major errors for phase and amplitude 
data in this frequency region. To minimize this effect, the data used for quantitative 
analysis of frequency dependence of phase and amplitude signal was collected from 
3kHz to 65 kHz and 75 kHz to lOOkHz. 

Frequency dependence of phase shift for different circuit current 
limiting resistors is shown in Figure 9a. Figure 9a and 9b show frequency dependence 
of tan(^^) and amplitude ratios, respectively, for circuit terminations of 10 kOhm 
(■), 47 kOhm (•), 100 kOhm (A) and 220 kOhm (T). In Figure 9a, solid lines are 
linear fits and fitting parameters are summarized in Table I. In Figure 9b, solid lines 
are calculated amplitude ratios. From impedance spectroscopy data the relaxation 
frequency of the junction is estimated as 1.5 kHz at -5V reverse bias. Therefore, 
measurements are performed in the high frequency region in which Equation 4 is 
valid. In agreement with Equation 4, tan{<p^) is inversely proportional to frequency 
with a proportionality coefficient determined by the product of interface capacitance 
and resistance of the current limiting resistor (subscripts of d correspond to the 
interface of the metal semiconductor device). In the vicinity of the resonant 
frequency of the cantilever (/b = 72 kHz ), difference in the force gradient acting on 
the probe on the left and right of the Schottky barrier results in the shift of cantilever 
resonant frequency and erratic phase shifts and this region was excluded from data 
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analysis. The experimental data were approximated by function 
log(tan(^2Jj)) = a + b\og{f ) and corresponding fitting parameters are listed in Table 1. 



Frequency dependence of phase shift 



Tab] 



R,kOhm 


a 


b 


Cd, 10-^" F 




10 


4.94 + 0.02 


-0.99 ± 0.01 


1.83 


4.83 


47 


4.21+0.01 


-0.98 ±0.01 


2.11 


3.85 


100 


3.84 + 0.01 


-0.98 ±0.01 


2.32 


2.86 


220 


3.29 ± 0.04 


-0.98 ± 0.02 


3.76 


0.80 


el 



Note that coefficient b is within experimental error from theoretical value b = -\,'m 
agreement with selected parallel R-C model for the interface. As follows from 

Equation 4, interface capacitance can be determined as Cj =10"^ /{IttR) and 
capacitance values for different circuit termmations are listed in Table I. Note that 
interface capacitance increases with the value of current limiting resistor and in all 
cases is larger than capacitance obtained from impedance specfroscopy, Cd= 1.71 10' 
F. Amplitude ratio was calculated and compared with experimental results with 
voltage correction illusfrated in Figure 9(b). Note the agreement between 
experimental and calculated values despite the absence of free parameters. In general, 
one would expect worse agreement between theory and experiment for tip oscillation 
amplitude data due to the high sensitivity of electrostatic forces, and, therefore, 
oscillation amplitude, to the variations of tip-surface capacitance due to surface 
roughness. 
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The increase of capacitance for large R is due to the well-known 
dependence of junction ©»pae*tance on the bias?- As can be seen in Figv»e.6, potential 
d*©p ftt-the interface at giren -lateral bias is smaller for large R. Figure 6 is a graph 
showing potential drop at the interface as a function of lateral bias for current limiting 
resistors of 10 kOhm (solid line), 47 kOhm (long dashed line), 100 kOhm (short 
dashed line), 220 kOhm (alternating dash-dot line), and 1 MOhm (dash-dot-dot line). 
The slopes and intercepts of the lines in the reverse bias regime are summarized in 
Table. I. A small potential drop corresponds to small depletion width and high 
junction capacitance. To verify this assumption, the phase shift at the interface was 
measured as a function of lateral dc bias for different circuit terminations and the 
corresponding dependence is shown in Figure 10a. Figure 10a shows voltage phase 
angle tangent tan(^^) as a function of lateral bias for current limiting resistors of 10 
kOhm (■), 47 kOhm (•), 100 kOhm (A) and 220 kOhm (T). Figure 10b shows 1/C^ 
vs. Vd for different current limiting resistors. Note that although taii{<p^) varies by 2 
orders of magnitude from R = lOkOhm to R = 220kOhm, 1/C^ exhibits imiversal 
behavior. Also note that under reverse bias (K= -5 V) conditions tan(^^) changes by 
almost two orders of magnitude from tan(^2)j) = 1.8 for if = 10 kOhm to tan(ff)^) = 
0.042 for R = 220 kOhm. Interface capacitance vs. lateral bias dependence can be 
calculated from the data in Figure 10a. At the same time, potential drop at the 
interface vs. lateral bias is directly accessible from the SSPM measurements. 
Combination of the two techniques allows one to determine the C-F characteristic of 
the interface. Calculated 1/C^ vs. Vd dependence is shown in Figure 10b. Note that 
the resulting curve shows universal behavior independent of the value of the current 
limiting resistor. This dependence is approximated by: 
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1 8 

l/c^ ={4.0±0.6)-10 +(6.1±0.3)-10^^F^ Equation 13 



For an ideal metal-semiconductor junction, voltage dependence of capacitance is 
given by: 

1 2 



^ 2kT^ 



q^s^B 



<i J 



Equation 14 



where Ss = 11.9, £b is dielectric permittivity for silicon, and Nb is dopant 
concentration. Comparison of experimental data and Equations 13 and 14 allows 
estimation of Schottky barrier height as = 0.6 ± 0.1 V, which is in agreement with 
the Schottky barrier height obtained from /-F measurements = 0.55 V). From the 
slope of the line the dopant concentration for the material is estimated as Nb = 1.06 

Therefore, local interface imaging of the metal-semiconductor interface allows 
jimction properties to be obtained that are consistent with properties determined by 
macroscopic techniques. 

In addition to determining grain boundary resistance and capacitance 
values for a sample having an interface, magnetic force data can be determined for a 
current carrying sample. Particularly, magnetic force data that is not magnetic 
gradient force data can be determined. Further, errors from surface potential 
electrostatic interactions may be reduced by canceling the sample sxirface potential. 
This technique is referred to herein as potential correction magnetic-force microscopy 
(PMFM) and utilizes a magnetic tip 15. Tip 15 may be coated with a magnetic 
coating or may be constructed entirely or partially of magnetic material. The first 
harmonic of the force acting on the dc-bieised tip, while an ac bias is applied to the 
sample, can be described as: 
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<^ Equation 15 

The first term in Equation 15 originates from capacitive tip to surface interactions and 
is linear with respect to dc tip bias, V^'^dc- The second term originates from magnetic 
forces and it is assumed that the magnetic uiteraction is limited only to the first order 
magnetic monopole, q. The magnetic field amplitude Bac is proportional to the 
current lac in the circuit and can be calculated from the Biot-Savart law. The current 
is proportional to the driving voltage Vac, applied to the line. The relationship between 
the force, magnitude, and phase of the response of a damped harmonic oscillator with 
resonant frequency cdq to the periodic force F(t) ^ Fio, cos((2)t) are given by Equations 
9a and 9b above. 

A first approach, referred to herein as basic PMFM mode, reduces the 
impact of the electrostatic interactions by adjusting the dc tip bias to a constant dc 
voltage to offset the electrostatic interaction between the tip and the surface of the 
sample. Figure 1 1 is an optical micrograph of a sample to which this approach was 
applied. As shown in Figure 11, area 1 is a single line area and area 2 is a double line 
area. Figures 12a through 12f shows graphical results of data taken from area 1 of the 
sample of Figure 11 using the system of Figure 1 and basic MFM mode. Figure 12a 
illustrates a calculated force profile for area 1 of the sample and Figure 12b illustrates 
a measured force profile using basic PMFM mode for a tip dc bias of -2 V. Figure 
12c illustrates a calculated force profile for area 1 of the sample and Figure 12b 
illusttates a measured force profile using basic PMFM mode for a tip dc bias of 316 
mV. Figure 12e illustrates a calculated force profile for area 1 of the sample and 
Figure 12f illustrates a measured force profile using basic PMFM mode for a tip dc 
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bias of 2 V. The arrows indicate topographic artifacts that were not reproducible on 
the trace and retrace paths. It should be noted that the graphs of Figures 12a, 12b, 
12e, and 12f each include both magnetic and electrostatic contributions. In the graphs 
of Figures 6c and 6d, however, electrostatic contributions are significantly reduced 
because they have been offset by the dc tip bias of 3 1 6 mV. This bias is referred to as 
the nulling bias because it corresponds to a theoretical minimal amount of 
electrostatic interaction between the tip and the surface. 

The magnetic and electrostatic components for basic PMFM mode are 
illustrated in Figures 13a through 13d. Figure 13a is a graph offeree versus distance 
that illustrates a force profile in basic PMFM mode where represents the magnetic 
contribution to the force, ^2 represents the capacitive interaction between the tip and 
the Ime, and ^3 represents the capacitive interaction between the tip and the sample. 
Figure 13b is a graph for tip bias versus measured force that represents the tip bias 
dependence of (j)i, (^2, and ^3. Figure 13c is a graph of line bias versus measured force 
at the nulling bias. Figiire 13d is a graph of frequency versus measured force. The 
solid line was fitted according to Equations 9a and 9b. 

Adjusting the tip bias, however, provides an average correction for 
capacitive contributions over the length of the sample. This can introduce errors to 
measurements of samples having non-uniform potentials over the length of the 
sample. To overcome this, local potentials can be determined with voltage 
modulation techniques, such as for example, scanning surface potential microscopy 
(SSPM). In SSPM, the tip is biased with a signal that can have both an ac and a dc 
component, as described by Vup = Vdc + Vac cos(6^t), where &v is selected to be the 
resonant frequency of the cantilever to provide a strong mechanical response. The 
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first harmonic of the force on the cantilever due to capacitance is given by Equation 
12. 



C2 Equation 16 

Using this relationship V^„^is determined and feedback control is used 
to set the dc component of the tip to Ysurf, thereby mapping and canceUng the surface 
potential simultaneously. It is noteworthy that Equations 15 and 16 are similar, the 
difference being the second magnetic term of Equation 15. 

Figures 14a through 14d illustrate experimental results using the above 
described technique. Figure 14a is a graph of lateral sample distance for area 1 of the 
sample versus determined force with the tip biased at 316 mV. Figure 14b is a graph 
of lateral sample distance for area 1 of the sample versus determined potential using 
SSPM with a line frequency of 70 kHz, a tip frequency (at the resonant frequency oi) 
of 75.1679 kHz, and Vac of 5 V. Figure 14c is a graph of lateral sample distance 
determined from the difference of the force and potential profiles of Figures 14a, 14b, 
respectively, using a phenomenological proportionality coefficient. As can be seen in 
Figure 14c, topographical artifacts can be reduced. Figure 14d is a graph of lateral 
sample distance versus force of experimental data measiired using an ac bias applied 
to the tip at the resonant frequency of the cantilever while conventional SSPM 
techniques and feedback are used to match the dc bias of the tip to the determined 
surface potential. 

PMFM may be implemented with three passes: a first pass measures 
the surface topography of the sample, a second pass measures the surface potential of 
the sample, and the third pass determines magnetic force data as a conventional MFM 
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while the dc bias of the tip is adjusted based on the values determined in the second 
pass. Alternatively, PMFM may be implemented in one pass, wherein for each pixel 
along the path taken by the tip, the sample surface topography is measured, the 
surface potential is determined, and magnetic force data is determined with the dc bias 
of the tip adjusted based on the determined surface potential. Two pass 
implementations are also contemplated. 

Portions of the invention may be embodied in the form of program 
code (i.e., instructions) stored on a computer-readable medium, such as a magnetic, 
electrical, or optical storage medium, including without limitation a floppy diskette, 
CD-ROM, CD-RW, DVD-ROM, DVD-RAM, magnetic tape, flash memory, hard 
disk drive, or any other machine-readable storage medium, wherein, when the 
program code is loaded into and executed by a machine, such as a computer, the 
machine becomes an apparatus for practicing the invention. When implemented on a 
general-purpose processor, the program code combines with the processor to provide 
a unique apparatus that operates analogously to specific logic circuits. 

It is noted that the foregoing illustrations have been provided merely 
for the purpose of explanation and are in no way to be construed as limiting of the 
invention. While the invention has been described with reference to illustrative 
embodiments, it is understood that the words which have been used herein are words 
of description and illustration, rather than words of limitation. Further, although the 
invention has been described herein with reference to particular structure, methods, 
and embodiments, the invention is not intended to be limited to the particulars 
disclosed herein; rather, the invention extends to all structures, methods and uses that 
are within the scope of the appended claims. Those skilled in the art, having the 
benefit of the teachings of this specification, may effect numerous modifications 
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thereto and changes may be made without departing from the scope and spirit of the 
invention, as defined by the appended claims. 



O. 

m 
m 

s 

o. 
m 

Q 

PI' 



25 



